Gene electrotransfer is an efficient and reproducible nonviral gene transfer technique useful for the nonpermanent expression of therapeutic transgenes. The present study established optimal conditions for the electrotransfer of reporter genes into mesenchymal stem cells (MSCs) isolated from rat bone marrow by their selective adherence to tissue-culture plasticware. The electrotransfer of the lacZ reporter gene was optimized by adjusting the pulse electric field intensity, electric pulse type, electropulsation buffer conductivity and electroporation temperature. LacZ electrotransfection into MSCs was optimal at 1500 V cm À1 with pre-incubation in Spinner's minimum essential medium buffer at 22 1C. Under these conditions b-galactosidase expression was achieved in 29 ± 3% of adherent cells 48 h post transfection. The kinetics of b-galactosidase activity revealed maintenance of b-galactosidase production for at least 10 days. Moreover, electroporation did not affect the MSC potential for multidifferentiation; electroporated MSCs differentiated into osteoblastic, adipogenic and chondrogenic lineages to the same extent as cells that were not exposed to electric pulses. Thus, this study demonstrates the feasibility of efficient transgene electrotransfer into MSCs while preserving cell viability and multipotency.
Introduction
Mesenchymal stem cells (MSCs) were proposed as a therapeutic tool for biomedical applications because of their high proliferation potential, their ability to differentiate into multiple lineages 1, 2 and their ability to engraft onto numerous organs. 3, 4 Their uses include repair of damaged tissues such as bone, heart, cartilage and so on, 5, 6 enhancement of angiogenesis in ischemic limbs 7 and correction of genetic defects. 8 Their therapeutic appeal has been recently enhanced by studies which suggest that MSCs have immunotolerance properties 9, 10 and might be used as 'off-the-shelf' cells. In a number of applications, the therapeutic efficacy of MSCs is indirect and relies on their ability to either (1) secrete therapeutic proteins from an autologous source (for example, angiogenic factor secretion upon transplantation of MSCs into ischemic limbs), or (2) release therapeutic proteins from transgenes (for example, growth factor release upon transplantation of transgenic MSCs for bone repair 11 ). Various gene therapy delivery systems can be used for transgene transfer into MSCs, depending on the duration needed for transgene expression (that is, permanent or transient). When MSCs are used to compensate or correct a genetic pathology and must express the therapeutic gene for the duration of a patient's life, integrating viruses including retroviruses, lentiviruses and adenoassociated viruses (AAV) are preferred because of their well-known capacity for long-term expression. 12, 13 Among integrating viruses, lentivirus-based vectors are most efficient for transduction into MSCs. 14 In comparison to lentiviral vectors, retrovirus-based systems tend to lose transgene expression over time 15 and AAV-based systems are less efficiently transduced into MSCs. 16 Alternatively, when MSCs are used to treat noninherited diseases and are only required to express the therapeutic gene for a short period of time, nonintegrating vectors including adenoviruses or herpes saimirii viruses (HSV) are preferred. Although the first generation of adenovirus vectors was successfully modified to enhance MSC transduction efficiency, 17 the development of a strong immune response directed against adenoviral proteins still limits their overall efficacy. 18 Alternatively, HSVbased vectors efficiently transduce MSCs but further development is required for the production of safe replication-deficient vectors. 19 All in all, viral vectors permit efficient gene delivery into MSCs but raise safety concerns that are critical when considering clinical applications.
To overcome these limitations, nonviral methods have been investigated for delivering transgenes into MSCs. Among the current nonviral methods, liposome carriers 20, 21 and electroporation-based gene transfer techniques were determined most efficient for transfecting primary cells. Electroporation was first used to introduce DNA into bacteria and soon thereafter to transfer DNA into mammalian cells. 22, 23 Interestingly, a large number of transgenic cells can be obtained by this method. 24, 25 This process requires permeabilization of cell membranes by electric pulses. [26] [27] [28] In vivo studies have provided evidence that electrophoresis can be used for DNA molecule transfer into permeabilized tissues. 29, 30 In such cases, DNA was injected into tissues and the net charges on the DNA molecule permitted electrophoresis to carry it from the bulk of the injected liquid to the vicinity of the electropermeabilized cell membrane, thus facilitating DNA uptake. In vitro, DNA contact with the cell membrane is facilitated by suspending trypsinized cells in the DNA solution before applying electric pulses.
Successful transgene expression in vitro requires not only achieving efficient DNA electrotransfer but also maintaining high cell viability. To fulfill these requirements the appropriate electrical parameters must be optimized for each cell type and cell size. 31 To achieve efficient DNA electrotransfer the critical electric pulse parameters are frequency, intensity, duration and number. 32 Technical solutions for studies aiming at the optimization of these parameters were addressed in another study. 33 Later, a pulse generator was developed (Cliniporator, IGEA, Carpi, Italy) that allows independent assessment of the permeabilization and electrophoresis achieved by means of combinations of pulses and by adjusting the critical parameters of these pulses.
In the present study, we established the optimal conditions for electroporation of MSCs. For this purpose, a plasmid encoding the lacZ reporter gene (which directs the synthesis of the b-galactosidase enzyme), under the control of the cytomegalovirus promoter, was electrotransferred into MSCs; these cells had been isolated from rat bone marrow by their selective adherence to tissue-culture plasticware (polystyrene). Electrotransfer was optimized by adjusting (1) the pulse electric field intensity, (2) the type of electric pulses, (3) the conductivity of the electropulsation buffer and (4) the pre-incubation temperature.
Results
Influence of electric pulse amplitude on MSC transfection efficacy Electrical parameters were determined for optimizing maximal protein expression after transgene electrotransfer into rat MSCs. First the pulse amplitude was investigated by applying a train of eight high voltage (HV) pulses at different amplitudes. Trains of HV pulses of increasing amplitude (700-1700 V cm
À1
) resulted in corresponding increases of b-galactosidase activity in transfected cells (data not shown), regardless of the buffer or pre-incubation temperature used. Maximal bgalactosidase production rates were obtained with pulses at 1700 V cm
, however b-galactosidase activity was highly variable at this voltage ( Figure 1 ). Application of a train of eight HV pulses either alone or followed by a train of eight low voltage pulses (HV+LV) resulted in similar b-galactosidase production in transfected cells.
Application of HV pulses at 1500 V cm À1 (without LV pulses) was the optimal amplitude for rat MSC electrotransfection because it resulted in the best combination of high efficiency, good cell viability after electroporation and good reproducibility.
Influence of cell pre-incubation temperature on MSC transfection efficacy Next, the effect of cell incubation temperature was investigated by comparing the efficacy of electrotransfection at two different pre-incubation temperatures. HV pulses were applied at 1500 V cm À1 to achieve the electrotransfer of the lacZ gene into MSCs incubated in Spinner's minimum essential medium (S-MEM) buffer. MSCs pre-incubated at 4 1C displayed a b-galactosidase production rate increase of 100-fold over control (Figure 2a ), but only 45% of the cells maintained adhesion to the culture plates (Figure 2b ). In contrast, MSCs pre-incubated at 22 1C displayed a b-galactosidase production rate increase of 300-fold over control (Figure 2a) , and 70% of the cells maintained adhesion (Figure 2b ). Under the latter conditions, the kinetics of b-galactosidase activity revealed maintenance of b-galactosidase production for at least 10 days after electroporation (Figure 2c ).
Influence of electropulsation buffer on MSC transfection efficacy
The influence of electropulsation buffer conductivity was investigated by comparing the efficacy of electrotransfection in buffers with different conductivities; the S-MEM conductivity was 1.6 S m
À1
, and the low conductive medium (LCM) buffer conductivity was 0.15 S m
. HV pulses of 1500 V cm À1 amplitude were applied to achieve the electrotransfer of the lacZ gene into MSCs preincubated at 22 1C. MSCs incubated in LCM buffer displayed a b-galactosidase production rate fourfold lower than those incubated in S-MEM buffer (Figure 3a ), but 90% cell adhesion was maintained after electroporation ( Figure 3b ).
Influence of optimal conditions on the MSC transfection efficacy
The percent of cell transfection by electroporation was determined 48 h after lacZ electrotransfer into MSCs 
Maintenance of MSC multipotency after electroporation
The effect of electroporation on the stem cell differentiation potential was investigated by electroporating at 1500 V cm À1 under the optimal conditions determined above, and then inducing differentiation. Electroporated MSCs differentiated into osteoblastic, adipogenic and chondrogenic lineages to the same extent as MSCs that were not exposed to the electric pulses. In addition, electroporated MSCs differentiated into osteoblastic, adipogenic and chondrogenic lineages to the same extent as MSCs exposed to the electric pulses without DNA ( Figure 4 ).
Discussion
Currently, efficient delivery of therapeutic transgenes into MSCs using nonviral methods is a challenge. Using an electroporation device, in this study we assessed the influences of three parameters on the efficacy of gene delivery into rat MSCs: (1) electrical intensity and type of electric pulses, (2) temperature at which electroporation was carried out and (3) conductivity of the electropulsation buffer.
We first observed that MSC transfection efficacy was pulse-voltage dependent. All conditions being otherwise equal, trains of eight pulses 100 ms in length at Gene electrotransfer method for stem cells E Ferreira et al amplitudes increasing from 700 to 1700 V cm À1 resulted in proportional increases in lacZ gene transfer into MSCs, evidenced by subsequent b-galactosidase activity. Maximal production rates of b-galactosidase were obtained at the highest electric voltage tested (that is, 1700 V cm À1 ) suggesting that the MSC membrane permeabilization was maximal when the cells were exposed to high electric field strength. More recently, human MSC electrotransfection was maximal after application of a single electric pulse 120 ms in length at an amplitude of 3000 V cm
À1
. 34 Taken together, these data suggest that increasing the number of pulses reduces the need for increasing the pulse amplitude for maximal MSC electrotransfection.
Although lacZ electrotransfer into MSCs at 1700 V cm À1 resulted in maximal b-galactosidase activity, it also resulted in important cell death and lack of reproducibility. On the other hand, lacZ electrotransfer into MSCs at 1500 V cm À1 resulted in acceptable b-galactosidase production rates while maintaining high cell viability and reproducibility. The ultimate goal of a particular application will dictate which pulse voltage is appropriate. For example, establishment of transgenic cell lines could be achieved using electroporation conditions resulting in high transgene expression but minimal cell viability; however gene transfer into MSCs for bone repair would be better served by using electroporation conditions that resulted in lower transgene expression but maintained high cell viability.
Several reports provide evidence that in vivo transgene delivery is enhanced by a train of HV pulses followed by a train of LV pulses (HV+LV) in part because LV pulse duration is longer than HV pulse duration (that is, milliseconds versus microseconds). 30, 35 Theoretically, the short HV pulses trigger membrane permeabilization and the longer LV pulses facilitate efficient electrophoretic transfer of DNA toward the permeabilized cell membranes. We therefore postulated that HV+LV pulses might also increase the efficiency of in vitro transgene delivery into rat MSCs. Our results did not support this hypothesis; under our experimental conditions, HV+LV pulses did not increase transfection efficiency and, moreover, resulted in a clear trend toward a reduction in cell adhesion and viability. We hypothesized that heat production by the Joule effect (a consequence of the long duration of the LV pulses) had a deleterious effect on cell viability. 28 In an attempt to compensate for possible overheating of MSCs, cells were pre-incubated either at low temperature or in low-conductive electropulsation buffer before the HV+LV pulse application. The results showed that MSC pre-incubation at low temperature had no positive influence on b-galactosidase expression rates Gene electrotransfer method for stem cells E Ferreira et al or on the percentages of adherent cells. In contrast, although MSC pre-incubation in low conductive medium did not result in an increase in b-galactosidase production rates, it led to a significant increase in the percentage of surviving adherent cells (from 60 ± 11 to 84 ± 11%). These results suggest that the lower conductivity of the LCM electropulsation buffer may protect cells from heatinduced damage; however its higher viscosity (due to its high content of saccharose) may hamper DNA electrotransfer into MSCs. These results are consistent with previous reports that showed the percentage of surviving cells increased with decreasing conductivity of the electropulsation buffer. 36 Thus, under the conditions used in this study, addition of LV pulses to the HV pulses at 1500 V cm À1 was not necessary to permit both efficient cell membrane permeabilization and DNA electrophoretic transfer into rat MSCs. It is possible that, compared to the in vivo settings, the trypsinization of the cells that precedes the electrotransfer could reduce the importance of the electrophoretic component in gene electrotransfer, and thus could decrease the need for LV pulses.
Consistent transgene delivery requires not only achieving efficient DNA electrotransfer but also maintaining cell viability; both were reported to be influenced by temperature. 37 Theoretically, achieving electrotransfer at low temperatures (1) prevents DNA degradation, (2) limits the effects of Joule heating during electric pulse application and (3) extends the time of membrane permeabilization; but (4) may inhibit cell recovery. 38 Thus, standard procedures of electrotransfer involve preincubation (before electric pulse application) of cells at 4 1C and postincubation at room temperature (to accelerate cell membrane resealing). It must be noted, however, that while there is a clear consensus about the temperature of postincubation (that is, room temperature), [39] [40] [41] [42] the temperature of pre-incubation is highly dependent on the cell type tested and must be empirically determined, 43 especially when utilizing primary cells. We, therefore, assessed the effect of preincubation temperature on MSC recovery after electroporation at 1500 V cm À1 and observed that pre-incubation at room temperature resulted in a major increase, compared to pre-incubation at 4 1C, in the percentage of cell adhesion (from 45±10 to 72±3%). These results provided evidence that the temperature of pre-incubation is a key parameter for recovery from electroporation in MSCs.
Moreover, the temperature of pre-incubation had an unexpected positive effect on the production rate of b-galactosidase. In fact, lacZ electrotransfer into MSCs pre-incubated at room temperature dramatically enhanced b-galactosidase activity compared to electrotransfer into MSCs pre-incubated at 4 1C (337 ± 10-versus 75±11-fold increase over control). These results suggest that minimal heat production (by Joule effect) occurred when HV pulses of short duration were applied. Thus, the use of short HV pulses alone may eliminate the need for pre-incubation of MSCs at 4 1C and, consequently, minimize the associated detrimental effects on cell transfection efficacy and cell viability.
Under optimal conditions, electrotransfection of MSCs resulted in a transient expression of b-galactosidase for at least 10 days. These results were expected, as the integration of DNA is a rare event after electroporation of a circular plasmid into cells. If required, long-term expression of a transgene may be achieved with electroporation of a linearized plasmid followed by positive selection of the transfected clones 44 or by the insertion of SMAR sequences 45 in the plasmid or by the use of minicircles, 46 that is of plasmids devoid of bacterial sequences.
Interestingly, in the present study neither electroporation nor lacZ overexpression inhibited the MSC potential for differentiation. Upon appropriate stimulation, electrotransfected MSCs differentiated into osteoblastic, adipogenic or chondrogenic lineages to an extent similar to that observed in control cells.
This study established a reliable and efficient method for introducing transgenes into primary cells. Optimization of electroporation parameters led to 29±3% successful expression of b-galactosidase in rat MSCs, and to 70% cell recovery after lacZ electrotransfer at 1500 V cm À1 . Our maximum transfection efficiency reached 41 ± 8% after lacZ electrotransfer at 1700 V cm
; however this voltage amplitude produced less consistent results. Previously, the transfection rate of human MSCs by electroporation (cell recovery was not documented) using a commercially available device reached 12% when the quantity of DNA the intensity, and length of the electric pulses were optimized. 34 Recently, an electroporation-based technology called nucleofector, which elicits the destabilization of both cytoplasmic and nuclear membranes, has been proposed as an alternative tool for gene transfer. 47 Although MSC nucleofection resulted in high transfection efficiency rates (450%), [48] [49] [50] it unfortunately led to limited cell recovery, [51] [52] [53] reflecting a major drawback of most electroporation techniques employed to facilitate the transplantation of in vitro genetically modified cells.
To conclude, this study demonstrates the feasibility of electroporation for the efficient transfer of transgenes into mesenchymal stem cells while preserving cell viability and multipotency.
Materials and methods

Cell source
MSCs, obtained from the bone marrow of 4-week-old male Lewis rats, were isolated and expanded as previously described 2, 54 and routinely cultured in aminimum essential medium (aMEM, Sigma-Aldrich, Lyon, France) supplemented with 10% fetal calf serum (PAA Laboratories, Pasching, Austria). Cells from the fourth passage were used for the experiments.
Plasmid DNA
Electrotransfections of the MSCs were conducted using the pDRIVE2-CMV plasmid (InvivoGen, Toulouse, France) that carries the reporter lacZ gene under the control of the cytomegalovirus promoter. DNA was routinely amplified in DH5a Escherichia coli bacteria (Invitrogen, Cergy-Pontoise, France) and purified using commercially available kits (Plasmid Midi Kit, Quiagen, Courtaboeuf, France). DNA was resuspended in molecular-biology-grade water (Eppendorf, Le Pecq, France) at 2 mg ml
À1
.
Optimization of the rat MSC electroporation parameters
Cells were trypsinized, centrifuged at 500 Â g for 10 min, and then resuspended in the appropriate electropulsation buffer to obtain 1 Â 10 7 cells per ml. A 50-ml droplet of MSC suspension was electrotransfected with 8 mg of plasmid DNA using established techniques. 32 After electroporation, the cells were collected, suspended in 50 ml electropulsation buffer (to prevent drying) and allowed to recover at 22 1C (room temperature) for 10 min. Subsequently, culture medium was added and cells were incubated for 48 h under standard cell culture conditions (37 1C, 95% CO 2 , 5% O 2 ).
Electrotransfection was carried out with the Cliniporator device (IGEA) by applying a train of eight HV electric pulses (100 ms) at amplitudes from 700 to 1700 V cm À1 at a 1 Hz repetition frequency. A second protocol comprised HV followed by eight LV pulses (12.5 ms; 60 V cm À1 ; 1 Hz repetition frequency), applied at various amplitudes.
The two electropulsation buffers of different conductivity were S-MEM (Invitrogen), with a conductivity of 1.6 S m À1 , and LCM (250 mM saccharose, 1 mM MgCl 2 , 10 mM TrisHCl), with a conductivity of 0.15 S m
À1
. 55 For pre-incubation, cells were incubated at either 4 or 22 1C before pulse delivery.
Determination of rat MSC electrotransfection efficacy
Forty-eight hours post transfection, adherent MSCs were trypsinized, centrifuged and resuspended in 100 ml of Reporter Lysis Buffer 1 Â (Promega, Charbonnières-lesBains, France). The quantification of b-galactosidase activity in the cell lysates was carried out in parallel with known quantities of b-galactosidase (Roche Laboratories, Neuilly-sur-Seine, France). Briefly, the b-galactosidase substrate, O-nitrophenyl-b-D-galactopyranoside (Amsresco Inc.-Interchim, Montlugon, France), was incubated with 50 ml of cell lysate at 37 1C for 30 min. The enzymatic reaction was stopped by addition of 1 M Sodium Carbonate. The optical density of yellow color product was determined by spectroscopy at 420 nm using a mQuant system (Bio-Tek Instruments Inc., Colmar, France). The b-galactosidase concentrations were determined using a standard curve of the known b-galactosidase concentrations versus their respective optical densities. b-Galactosidase activity in all cell lysates was normalized to total DNA content determined as described below.
Determination of cell viability
As electroporation damages to cells might not immediately lead to cell death, cell viability was not assessed immediately after electroporation. Indeed, the percentage of adherent MSCs 48 h after lacZ electrotransfer was considered as a suitable index of cell viability. Forty-eight hours post transfection, adherent MSCs were trypsinized, centrifuged and resuspended in 100 ml of reporter lysis buffer 1 Â (Promega). The DNA content in lysate aliquots (20 ml) was quantified using the Cyquant Cell Proliferation Assay Kit (Invitrogen); fluorescence (emission/absorption: 485/530 nm) of the products was measured using a FL600 Microplate Fluorescence Reader (Bio-Tek Instruments Inc.). The percent cell adhesion for each sample was defined as the ratio of DNA extracted from electroporated cells to DNA extracted from nonelectroporated cells for each experimental condition tested.
Determination of the kinetics of lacZ gene expression after electrotransfer
Rat MSCs were first electrotransfected at 1500 V cm À1 under the optimal conditions determined above, and then seeded to 30 000 cells per 35-mm diameter petri dish. At different time points (2, 4, 7, 11, 16 and 19 days) , duplicate dishes of adherent MSCs were lysed with 500 ml of reporter lysis buffer 1 Â per dish. Cell lysate aliquots (100 ml) were used to quantify b-galactosidase activity as described above.
Statistical analyses
Experiments were repeated three separate times. Statistical analyses used one-way ANOVA and the LSD test (for pairwise comparisons), calculated using Statgraphic centurion version XV software. A P-value less than 0.05 was considered significant.
Determination of the percent of transfected MSCs
Forty-eight hour after lacZ gene electrotransfer into rat MSCs at either 1500 V cm À1 (n ¼ 4) or 1700 V cm 
Assessment of the multipotency of electrotransfected MSCs
To verify maintenance of the stem cell multidifferentiation potential after electroporation, MSCs were induced to differentiate into osteoblastic, adipose and chondroblastic lineages after lacZ gene electrotransfer at 1500 V cm À1 under optimal conditions as determined above. Two MSC controls were treated in parallel; one had DNA added but was not electroporated, and the other was electroporated without DNA. After treatment, MSCs were seeded at either 10 000 cells per cm 2 (for osteoblastic and adipogenic lineage inductions), or Gene electrotransfer method for stem cells E Ferreira et al centrifuged to form 200 000 cell pellets (for the chondrogenic lineage induction). Differentiation induction medium was added 24 h later. Osteoblastic differentiation was induced by maintaining the cells in induction medium containing 10 À7 M dexamethasone, 10 mM b-glycerophosphate, and 0.15 mM L-acid ascorbic. At day 21, the cells were fixed and successful differentiation was assessed by detecting alkaline phosphatase activity (using a diazonium salt solution) and the presence of calcium-containing deposits in the extracellular matrix (using von Kossa stain). Adipogenic differentiation was induced by maintaining the cells in induction medium containing 5 mg ml À1 insulin, 10 À7 M dexamethasone, 0.5 mM isobutylmethylxanthine, and 60 mM indomethacin. At days 10 and 20, the cells were fixed and successful differentiation was assessed by detecting lipid vacuoles (using oil red O stain). Chondrogenic differentiation was induced by maintaining the cells in induction medium containing 1.25 mg ml À1 bovine serum albumin, 6.25 mg ml À1 insulin, 6.25 mg ml À1 transferrin, 6.25 mg ml À1 selenious acid, 5.35 mg ml À1 linoleic acid, 1 mM pyruvate, 37.5 ng ml À1 ascorbate-2-phosphate, 10 -7 M dexamethasone and 10 ng ml À1 TGF-b. At day 30, cell pellets were cryopreserved and successful differentiation was assessed by immunohistological detection of type II collagen, using a goat polyclonal IgG anti-human type II collagen antibody (200 mg ml
À1
; Santa Cruz Biotechnology (Tebo-Bio), Le Perray en Yvelines, France) and a secondary antibody of peroxidase-conjugated anti-goat IgG (1:200;Vectastain ABC kit; Vector-AbCys SA, Paris, France). Peroxidase activity was monitored using a Vectastain ABC kit.
